Abstract-Many medical conditions are characterized by undesired or pathological peripheral neurological activity. The local delivery of high-frequency alternating currents (HFAC) has been shown to be a fast acting and quickly reversible method of blocking neural conduction and may provide a treatment alternative for eliminating pathological neural activity in these conditions. This work represents the first formal study of electrode design for highfrequency nerve block, and demonstrates that the interpolar separation distance for a bipolar electrode influences the current amplitudes required to achieve conduction block in both computer simulations and mammalian whole nerve experiments. The minimal current required to achieve block is also dependent on the diameter of the fibers being blocked and the electrode-fiber distance. Single fiber simulations suggest that minimizing the block threshold can be achieved by maximizing both the bipolar activating function (by adjusting the bipolar electrode contact separation distance) and a synergistic addition of membrane sodium currents generated by each of the two bipolar electrode contacts. For a rat sciatic nerve, 1.0-2.0 mm represented the optimal interpolar distance for minimizing current delivery.
I. INTRODUCTION
T HE delivery of high-frequency alternating currents (HFAC) has been shown to be a reversible and fast acting method of blocking peripheral nerves, and may provide a nondestructive treatment alternative for eliminating undesired and pathological neural activity for pain relief and spasticity control. Specifically, HFAC in the range of 5-40 kHz, delivered through small electrodes in direct contact with a peripheral nerve, cause the nerve to stop conducting action potentials within 100 ms [1] . This block is completely reversible by turning the HFAC off, and in most cases the nerve returns to full conduction within one second. Recent studies have thoroughly explored the effects of high-frequency alternating currents on whole nerves in frogs [1] , rats [2] , and cats [3] , [4] and have demonstrated that HFAC is an effective means for blocking whole nerve conduction. A comprehensive review of HFAC neural conduction block work can be found in Kilgore and Bhadra [1] .
An important feature of HFAC nerve block is that the characteristics of the block are very dependent on the frequency and amplitude of the high-frequency waveform. A true conduction block requires frequencies above 2-5 kHz [2] . Below 2 kHz, HFAC produces prolonged activity in the nerve and muscle. This may produce a reversible muscle fatigue, but nerve conduction is not blocked [1] , [3] . The maximum frequency for HFAC block has not been evaluated experimentally, although frequencies as high as 40 kHz have been successfully utilized.
The effect of amplitude on block has been studied in detail, both experimentally and in mathematical simulation [2] , [5] , [6] . HFAC block requires sufficiently high amplitude in order to be effective. A "block threshold" has been identified, which is defined as the lowest amplitude at which an entire nerve is blocked. The block threshold increases with increasing frequency [2] , [3] , [5] , [6] . If the amplitude of the HFAC is above block threshold, conduction block is maintained. It has been demonstrated that there is an amplitude region below block threshold where the HFAC produces a significant and prolonged nerve activity. This activity occurs when the amplitude of the HFAC is approximately 50%-70% of the block threshold [5] , [7] . It is desirable to minimize the block threshold, because that enables HFAC block to be obtained with a minimal charge injection to the nerve and with minimal power requirements. In this manuscript, we examine whether electrode geometry can play a role in minimizing the HFAC block threshold.
As early as 1939, it has been known that electrode configurations could have an effect on the quality of HFAC block [8] . However, no formal study of the effects of electrode design on high-frequency block has been previously performed. As shown in Table I , a multipolar cuff electrode is the most commonly utilized method for producing HFAC block in previous animal studies [1] - [14] . About half of these studies have utilized electrodes with bipolar contacts. Because all of these studies utilized various waveform parameters and electrode materials, it is not TABLE I  SUMMARY OF ELECTRODES SHOWN IN PUBLISHED STUDIES TO PRODUCE SUCCESSFUL HFAC CONDUCTION BLOCK possible to compare the published results to determine if specific electrode designs result in lower HFAC block thresholds. The present study focuses on a bipolar cuff electrode design and evaluates the effect of electrode contact separation distance on the block threshold. This is performed through computer simulations of mammalian axons and in vivo mammalian whole nerve experiments. A biophysical explanation for the observed phenomena is presented based on the simulations.
II. METHODS
The effect of bipolar electrode spacing on HFAC nerve block was evaluated using both nerve membrane simulation and experimental in vivo testing. The nerve membrane simulations allowed rapid testing of a variety of parameters and can be utilized to predict the results of in vivo experimentation.
A. Double-Cable Myelinated Nerve Fiber Model (MRG Model)
All simulations were performed in the Neuron simulation environment [15] . Single fiber axons were simulated using the MRG double-cable myelinated fiber model [16] . This model has previously been shown to be consistent with experimental observations of HFAC block [5] . As depicted in Fig. 1 , the cable model is composed of single-segment nodal sections composed of linear and nonlinear circuit elements, and multisegment double-layered internodal sections incorporating linear dynamics. The nonlinear nodal dynamics are of the Hodgkin-Huxley type [17] , parameterized to match mammalian spike physiology [16] . The nonlinear components pertain to dynamics relevant for fast sodium, persistent sodium and slow potassium channels. Axon diameters of 5.7 , 7.3 , 10.0 , and 15.0 were evaluated. All axon-specific parameters are identical to those in [16] , and are reproduced in Table II . The model was solved using backward Euler implicit integration using a time-step of 0.0045 ms. Fig. 1 . The double cable myelinated axon model used to simulate high-frequency conduction block. The model included dynamics accounting the following ionic currents: slow potassium, Ks, fast sodium, Naf, persistent sodium, Nap, and linear leakage, Lk. The passive network representing the fiber geometry accounted for capacitance contributions from the nodal membrane, Cn, internodal axolema, Ci, and myelin sheath, Cm, and for bulk ionic conductance of axoplasm, Ga, periaxonal space, Gp, internodal axolema, Gi, and myelin sheath, Gm. A simulated extracellular bipolar point source electrode was placed opposite the central node, and an intracellular point source electrode was placed in the first node. Inset used with permission (McIntyre, Richardson and Grill 2004 [16] ).
B. Simulation Protocol for Bipolar Electrode Contact Separation
Both 51 node and 101 node axon models were evaluated for these simulations. Most simulations were performed in the 51 node model. The 101 node model was used for simulations of bipolar electrodes with intercontact separation distance greater than six node lengths, because block thresholds were influenced by edge effects for these simulations in a 51 node model. As shown in Fig. 1 , two types of electrodes were simulated in the model as point sources: an extracellular bipolar electrode for delivery of the HFAC and an intracellular monopolar electrode to test for conduction block. The extracellular environment was assumed to be isotropic and homogenous with an extracellular resistivity of 500 -cm [18] . One of the extracellular bipolar electrode contacts was placed either directly above the center node, or above the center of the internode adjacent to the center node. The other contact was placed equidistant from the fiber and at various distances from the first contact. Electrode-fiber distances of 0.25 mm, 0.50 mm, 1.0 mm, and 1.50 mm were simulated. The bipolar separation distance ranged from 0.125-12 times the length of an internodal segment. Zero-mean 10 kHz sinusoidal currents were delivered through the bipolar electrode (current flowing from one electrode contact to the other). Preliminary simulations indicated that the waveform frequency did not significantly influence the effect of bipolar separation distance, so a frequency of 10 kHz was chosen to allow for a larger simulation time-step and therefore a reduced computational time. The intracellular electrode was used to test whether conduction block was achieved, using the protocol described previously [5] . The amplitude of the extracellular high-frequency current was varied using a binary search to find the block threshold (minimal current at which the axon achieved conduction block) with a resolution of 7 . For amplitudes at which block could be achieved, fiber activity stabilized within approximately 30 ms [5] . After 40 ms of the HFAC delivery a 0.1 ms, 10 nA current pulse was delivered at Node 0 (at one end of the fiber) using the intracellular electrode. The fiber was determined to be blocked if the action potential did not propagate through to the last node on the other side of the blocking electrode. The output measure of these simulations was the block threshold.
For a subset of the simulations (fiber diameter of 10.0 , electrode-fiber distance of 1.0 mm and bipolar separation of 0-8.0 mm), the second spatial difference of the extracellular voltage generated by the stimulating electrode was calculated along the fiber. This function has been termed the activating function [19] and has been shown to be a good predictor of membrane depolarization and excitation threshold for the stimulation of neurons [20] . The maximum of this function for a given bipolar contact separation distance was calculated by choosing the largest value of this discrete function as calculated for that separation distance.
C. Animal Experiments and Surgical Procedure
Acute experiments were performed in adult Sprague-Dawley rats. All protocols involving animal use were approved by our institutional animal care and use committee. The animals were anesthetized with intraperitoneal injections of Nembutal (Phenobarbital sodium). The left hind leg was shaved and an incision was made along the posterior aspect of the hind leg and thigh. The sciatic nerve was exposed from its most proximal aspect, just distal to the sacral plexus, to the popliteal fossa. The common peroneal and sural nerves were severed. The gastrocnemius-soleus muscle complex was dissected, and the calcaneal (Achilles) tendon was severed from its distal attachment. The ipsilateral tibia was stabilized to the experimental rig via a clamp, and the calcaneal tendon was tethered to a force transducer with 1-2 N of passive tension. Fig. 2 shows the experimental setup.
Two nerve cuff electrodes were placed on the sciatic nerve as shown in Fig. 2 . Both electrodes were silastic nerve cuff electrodes with a J-shaped cross-section and 3 mm 1 mm rectangular platinum contacts for current delivery (the 1 mm dimension was along the longitudinal axis of the nerve) [2] , [7] . The proximal electrode was used to generate gastrocnemius-soleus muscle twitches with the delivery of 1 Hz, 20 supramaximal (typically 300-500 ) cathodic pulses. These pulses were delivered using a Grass S88 (Grass Technologies, West Warwick, RI) stimulator with a current-controlled output stage. This electrode was tripolar with 2.0 mm edge-to-edge contact spacing with the outer contacts electrically tied together. The proximal stimulating electrode was placed on the sciatic nerve within Electrode-fiber distance was 1.0 mm. 1 cm of the sacral plexus. A distal electrode was used to deliver the HFAC blocking current. The distal electrode was bipolar with 1.0 mm of silastic between the edge of the two outer platinum contacts and each edge of the cuff. This electrode was placed such that the distal edge of the nerve cuff was at the common peroneal branch point as shown in Fig. 2 . Current-controlled 40 kHz sinusoidal blocking waveforms were delivered through the bipolar electrode using a Keithley 6221 waveform generator.
Block thresholds were measured for the bipolar electrodes of various interpolar separation distances in five rats. Four bipolar separation distances were tested in each animal: 1.0 mm, 2.0 mm, 3.0 mm, and 4.0 mm were tested in two animals, and 0.5 mm, 1.0 mm, 2.0 mm, and 4.0 mm were tested in three animals. The order in which the electrodes were tested was block randomized for each animal, in three blocks. Each trial consisted of a period of approximately 5 s of 1 Hz proximal stimulation, followed by a period of proximal stimulation combined with a distal HFAC waveform. For each trial the HFAC amplitude was initially 9.0
. After approximately 5 s (to allow for the onset activation to subside [2] ), the amplitude of the high-frequency waveform was decremented by 0.1 mA per second until muscle twitches were detected. The lowest amplitude at which no muscle twitches were present was determined to be the block threshold. For trials in which 9.0 mA was not sufficient to block the nerve, the trial was repeated starting at 11.0 mA. For one trial 11.0 mA was not sufficient to block the nerve, and the block threshold was measured starting at 13.0 mA.
III. RESULTS

A. Bipolar Block Simulations
The first plot in Fig. 3 shows the block thresholds found in bipolar block simulations for four fiber diameters with varying bipolar contact separations. The electrode contact closest to the intracellular electrode was fixed directly above the center node for these simulations, and the electrode to fiber distance was fixed at 1.0 mm. For all four fiber diameters, the block threshold was highest for the smallest separation distance. Block threshold decreased with increasing separation distance between 0 mm and 1.0 mm. Block thresholds reach a minimum at 2-3 node lengths for each of the fiber diameters simulated, as shown in Fig. 4 . For separation distances larger than 3-4 node lengths the block threshold increases non-monotonically with increases in separation distance. Local minima tend to occur at separation distances that are integer multiples of the internodal length of the fiber, where both electrodes are directly over nodes. Local maxima occur when the second electrode is centered directly above an internode. This trend is particularly true for large diameter fibers. The first plot in Fig. 3 shows that for large bipolar separation distances the block threshold asymptotically approaches the monopolar threshold for each fiber diameter simulated.
As is shown in Figs. 3 and 4 , small diameter fibers have a higher threshold than large diameter fibers. The first plot in 3 shows that at very small separation distances, this difference becomes negligible, and at larger bipolar separation distances this difference in thresholds becomes more pronounced. Fig. 5 shows the effect of the electrode-fiber distance on bipolar block thresholds with various interpolar separation distances for a 5.7 m fiber. There are two major trends with electrode-fiber distance. First, block thresholds increase nonlinearly with electrode-fiber distance for a given bipolar separation, as was previously shown for monopolar HFAC electrode simulations [5] . Second, the bipolar separation distance resulting in the minimum block threshold increases with electrode-fiber distance.
The second plot in Fig. 3 shows the maximum (peak value) of the activating function for a bipolar electrode [21] as a function of contact separation distance for an electrode-fiber distance of 1.0 mm. For a given bipolar separation distance, the peak of the activating function always occurs beneath the cathodic electrode at the peak of its sinusoidal blocking current. Since the blocking current is periodic in nature, the peak of the activating function occurs beneath one of the bipolar electrode contacts during one half-cycle and beneath the other electrode contact during the other half-cycle. As has been shown previously [22] , this function exhibits a maximum at 1.25 times the electrode-fiber distance (1.25 mm in this simulation). The maximum of the bipolar activating function drops to zero when the distance between the bipolar electrodes is zero. The bipolar activating function asymptotically approaches the value of the monopolar electrode activating function for increases in the bipolar electrode separation greater than 1.25 mm. The bipolar activating function is within 5% of the maximum monopolar value at a separation distance of 3.0 mm.
It has previously been shown through simulation that when a fiber is blocked by HFAC, the nodal membrane potential near the electrode is maintained in a mean depolarized state due to a net inward sodium current [5] . The third plot in Fig. 3 shows the mean nodal membrane potential at each of the nodes along fibers of all four diameters at block threshold electrode current for a point source electrode at a distance of 1.0 mm from the fiber. As was shown previously [5] , the mean nodal depolarization decays at a spatial rate that is dependent on the fiber diameter. For Fig. 6 . Mean nodal membrane potential along a 7.3 m axon at block threshold electrode current for both a monopolar and bipolar electrode with separation distance of 3.0 mm (four node lengths). Electrode-fiber distance was 1.0 mm. Fig. 7 . Example of complete conduction block using an electrode with bipolar separation distance of 2.0 mm. The trial demonstrates measurement of the block threshold by decreasing the blocking current amplitude until partial nerve conduction block allows for small amplitude muscle twitches to be generated from the proximal stimulation. Arrows represent the timing of the proximal stimulation pulses. Grey bar shows the relative amplitude of the high-frequency sinusoidal current. The circle shows the first small amplitude muscle twitch resulting from partial conduction block as the blocking current amplitude is decreased. example, the mean depolarization decays to resting membrane potential by 5 mm from the electrode for 5.7 fibers and decays to resting membrane potential by 7.5 mm for the 7.3 fibers. Fig. 6 shows the mean nodal membrane potential along a 7.3 axon for an electrode-fiber distance of 1.0 mm at block threshold electrode current for both a monopolar and bipolar electrode. The bipolar electrode has a contact separation of 3.0 mm (four node lengths), and results in a double-peaked depolarization profile. The peaks of both depolarization profiles correspond to the nodes closest to the electrodes, and have equal values of 53.9 mV. The monopolar electrode has a single-peak profile, with a peak potential of 49 mV corresponding to the node closest to the electrode. This dynamic steady-state depolarization is consistent with that previously published for monopolar simulations [5] . Fig. 7 shows an example of complete conduction block using an electrode with a bipolar separation distance of 2.0 mm. The figure depicts a trial in which the block threshold was measured by decreasing the blocking current amplitude until partial nerve conduction block allows for small amplitude muscle twitches to be generated from the proximal stimulation. The absence of muscle twitches during a proximal stimulation pulse indicates complete conduction block, and small amplitude muscle twitches indicate partial conduction block. The circle in Fig. 7 highlights the first muscle twitch which results from a partially conducted proximal stimulation pulse. showed the following statistically different groups: the block thresholds for the 1 mm and 2 mm cases were shown to be statistically different than the 0.5 mm and 4.0 mm cases, but were not statistically different from each other.
B. Experimental Results
IV. DISCUSSION
Our experimental and simulation results show that the bipolar electrode separation distance has an effect on the amplitude of extracellular electrode current required to achieve HFAC neural conduction block. The use of low blocking current amplitudes is potentially important for maintaining neural safety and the integrity of the electrode [23] . Therefore, using an electrode geometry which will minimize this current is an important issue.
Our simulations and experimental results are consistent with one another and show a similar trend for the relationship between bipolar contact separation and block threshold. Figs. 3 and 5 suggest that the smallest fibers furthest from the electrode will dictate the threshold current for a mixed whole nerve since they require the most current to achieve block for all values of separation distance. A rat sciatic nerve has myelinated efferent fibers with diameters ranging from [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] (mean of approximately 6 ) and has a radius of approximately 0.5 mm [24] . As shown in Fig. 5 , the model simulations show that block threshold is minimized for bipolar separation distances of 1.0-2.0 mm for 5.7 fibers (the smallest fibers we were able to simulate) at an electrode-fiber distance of 0.5 mm (block thresholds are within 10% of the minima for separation distance ). Our experimental results showed that the block threshold was minimized for a narrow range of bipolar separations (1.0-2.0 mm), which is consistent with the model predictions for small fibers over this range of separation distance and electrode-fiber distance (the largest electrode-fiber distance occurring in our experimental prep with a rat sciatic nerve of 1 mm diameter is approximately 0.5 mm). This suggests that if given the diameter and fiber distribution of a particular nerve, the model could be used to predict the optimal bipolar contact separation for producing block with the lowest current injection.
A biophysical explanation for the trend seen in block threshold and bipolar separation is suggested by the simulations. There appear to be two phenomena which contribute to the shallow concavity of the curves shown in the first plot in Fig. 3 and in Fig. 4 . The first is that smaller extracellular fields are generated by bipolar electrode contacts when they are close together for a given current. This shunting effect results in large block thresholds for small separation distances. The second phenomenon contributing to the shape of these curves relates to the intracellular sodium currents that depolarize the cell membrane to a blocked state. An extracellular electrode delivering HFAC will induce depolarizing sodium currents at the nodes closest to it [5] . For a bipolar electrode, these currents are induced at two sites along the neuron. These currents act synergistically to contribute to membrane depolarization over a wide range of bipolar separation distances. As a result, less electrode current is required for a bipolar blocking electrode than is required for a monopolar blocking electrode.
We will first consider the shunting effect in greater detail. It has been shown in previous studies that current shunts between the contacts of a bipolar electrode when they are close together and results in high activating stimulation thresholds for a small separation distance [21] , [22] . The activating function is a measure of how much an extracellular field will induce a change in membrane potential of a neuron fiber subjected to that field [21] . Previously published high stimulation thresholds shown for small bipolar separation distance have been shown to be associated with a small activating function at these narrow separation distances [21] , [22] . As a result, larger electrode currents are required to depolarize a neuron to the point of firing [21] . The second plot in Fig. 3 shows the trend of the activating function with bipolar separation in detail. Similarly, in this study we found that thresholds for nerve block (rather than stimulation) also trend inversely with the maximum of the activating function in this range. This is very similar to the trend previously shown with activation thresholds [22] . The explanation for this trend is likely very similar to that offered for the trend seen in activation thresholds: at small separation distances bipolar electrodes generate a small extracellular field and therefore an activating function with a small magnitude. This small activating function in turn results in small changes in membrane potential for a given electrode current [21] , [22] . These changes in membrane potential (which are oscillatory for HFAC delivery) are integral to generating the high-frequency block. High-frequency nerve block depends on a membrane depolarization resulting from a sodium current generated at the node(s) closest to the electrode [5] . This sodium current is nonzero-mean and is the result of an oscillating membrane potential [5] . Hence, to achieve sufficient depolarization to achieve conduction block, a sufficient electrode activating function is required. When the bipolar separation equals 1.25 times the electrode-fiber distance, the activating function is maximized [22] . For stimulating currents this separation value represents the absolute minima of a relatively narrow range of optimal bipolar contact spacing for minimizing activation thresholds [22] . However, as shown in Fig. 3 , in high-frequency neural conduction block, the range for which the block threshold is minimized is broad and shallow relative to the range predicted by the activating function for nerve stimulation.
The reason for this broad and shallow range can be explained by the synergistic addition of sodium currents mentioned above. As shown previously by Bhadra, et al. [5] , HFAC block depends on a net depolarization of the membrane caused by HFAC-induced inward sodium current. The spatially decaying membrane depolarization caused by this sodium current is shown in the third plot of Fig. 3 for four fiber diameters. Bipolar nerve block differs from bipolar nerve stimulation in an important way: bipolar HFAC block involves two contact sites where simultaneous sodium influx occurs since each contact acts as a cathode for one-half of a high-frequency cycle (in bipolar stimulation there is only one). Each of these two contacts acts to drive sodium into the neuron, with peak currents occurring during the cathodic cycle [5] . This inward nodal sodium current flows in both axial directions along the axon from the nodes closest to the electrode contacts, and this current leaks out of the membrane along the axon according to its axial and nodal membrane impedances just as classical cable theory predicts [21] . The spatial extent of the axial sodium current flow is sufficiently large (on the scale of millimeter) that the regions of current flow overlap for bipolar electrodes as demonstrated in the membrane depolarization plots shown in Fig. 6 .
In short, the minima region shown in Figs. 3 and 4 occurs because the portions of the fiber activated by each of the bipolar electrode contacts contribute current to depolarize the membrane, and less current from a single node is required to achieve block than would be required when using a monopolar electrode. More specifically, the depolarized membrane potential generated at nodes beneath each of the electrode contacts results in an increased ohmic load (higher effective impedance) as seen by the sodium current generated by the other electrode contact. Because of this higher impedance, less inward sodium current (and therefore less electrode current) is required at either electrode contact site to generate the same level of depolarization generated by a monopolar electrode. This augmentative effect is diminished for large bipolar separation distances due to the spatial decay of the membrane depolarization (as shown in the third plot of Fig. 3) . For large bipolar separations, the effect is negligible and the bipolar block threshold asymptotically approaches the monopolar threshold.
As shown in Figs. 3 and 4 , the block threshold shows a nonmonotonic increase with large bipolar separations. In these figures, local minima occur when both electrodes are centered over a node, and local maxima occur when one electrode is at the center of an internode. This phenomena is consistent with what has previously been shown for monopolar HFAC block [5] , and simply occurs because the peaks of the activating function (which occur directly beneath the electrodes) are not well aligned with the nodes. This phenomenon is more pronounced for the large diameter fibers, because the internodal distances are larger than for the small diameter fibers.
This study focused on the effect of bipolar contact separation distance on block threshold. The bipolar electrode is the most simple multipolar electrode design and allowed for a straightforward investigation of multipolar electrode design in nerve block using HFAC. However, this work has implications for the effects of cuff electrode designs using more than two electrode contacts (e.g., tripolar, etc.). The findings of this study suggest that the intracellular depolarization profile resulting from a tripolar cuff, for example, would have three peaks, one induced by each electrode. The outer electrode contacts of a tripolar electrode each sink approximately half of the current generated by the inner electrode contact and would result in depolarization peaks of a lesser magnitude than the inner peak. These peaks would result in a lesser local depolarization than that generated by the center contact, potentially resulting in higher thresholds than bipolar electrodes for most contact separation distances. The lesser current at the outer peaks would very likely result in very high block thresholds for large tripolar separation distances since the total electrode current would need to be approximately twice the monopolar block threshold in the limit of large separation distances to prevent the generation of firing at the outer contacts (HFAC that is subthreshold for block results in continuous firing [2] , [5] , [7] , [11] ). Further work on the effects of electrode contacts with unequal currents on block thresholds is warranted.
The disparity in block thresholds between large and small diameter fibers, particularly for large bipolar separations, suggests that it may be possible to achieve fiber diameter selectivity in HFAC block. Selectively activating populations of small diameter fibers has been the goal of several studies attempting to mimic physiological recruitment of efferent neurons for motor neuroprosthetic systems [25] - [29] . For example, using a bipolar electrode with a wide electrode spacing (where the difference in block thresholds for the large and small fibers is the greatest) could potentially be used to block large fibers while leaving the small fibers in an activatable state.
V. CONCLUSION
We have shown through single fiber axon simulations and whole nerve animal experiments that block thresholds have a nonlinear relationship with bipolar electrode contact separation distance, and that there is a narrow range of bipolar separations for which the block threshold has a minima. The minimal current required to achieve block is also dependent on the diameter of the fibers being blocked and the electrode-fiber distance. For the rat sciatic nerve, this range was found to be 1.0-2.0 mm experimentally, which is consistent with our simulation results for small diameter fibers. As the bipolar contact separation approaches 4.0 mm, the block threshold is equivalent to monopolar electrodes and no advantage is gained by utilizing a bipolar electrode with this distance of separation or larger. Single fiber simulations suggest minimizing the block threshold can be achieved by maximizing both the bipolar activating function and an augmentative interaction between inward sodium currents generated by each of the two bipolar electrode contacts. This study represents the first published formal study of electrode design for HFAC nerve block and suggests that multipolar electrode configurations can be manipulated to reduce charge injection at the electrode. 
